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A METHOD OF DETERMINING ORfIaus YENGIS O POWING CABLES
by

Leonavrd Pode

INTRODUCTICN

A4 problem thas avises fregquently in cemneetleon with the design of
towing arrangements is that of choosing the deslgn varlables =o that the size
of eaulpment and the magnitude of the forces involved arz kept to a minirumn.
Usually the preliminary choice of the deslgn variatles has been merely a guess
and the improvement of the guess has depended upon the results of extensive
exploratory calculations. Tables and charts are presented here which, for the
most freauent design problems, will help to reduce the labor of such calcula~
tions and to enable the designer to determine optimum conditions in & stralght-
forward manner.

STATEMENT OF PROBLERM

Suppose that 1t is desired to tow a body at a stated depth, y, using
a sgecified cable. Since the hydrodynamic behavior of the cable may be as-
sumed to be known, the length of cable needed to reach the regulred depth and
the tenslon at the upper end of the cable are determined when the directlon
and magnitude of the force that the towed body applies to the lower end of the
cable are known. The question of interest to the designer 1s the manner in
which the %ension at the upper end of the cable, which 1s the greatest tension
in the cable, will vary with the direction and magnitude of the force applied
by the towed bvody.

A force of given magnitude may best be used to attain depth by ori-
snting 1t as nearly as possible in the direction of gravity because the com-
ponent o force perpendicular to the directlion of gravity increases the ten-
slon in the cable without contributing to the attainment of tae required depth.
Tiic angle, P that the force applisd by the towed body mekes with the direc-
tion of stream—which is equal, for eguilibrium, to the angle that the catle
makes with the siveam at the pnint where the cabie meets the bhody—1s there-
fore rmade 2e close o n/? as possible. If the downward force of the body 1is
developed by means of 1i1f{ing surfaces, the angle ¢ Is limited by the 1ift-
drag ratlos which such surfaces can attain; 1f the dovmwari force is derilved
from the welght of the body, the angle ¢ 1s limited by the rclationsh’p of
the welght of the Lody to its drag. Sinece the welght of the body s constant,
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g inevezees with the zouave of Lhe speed, the welight veantived
to obtain a given value of S, inereases very rapidly wlth speed. Hence the
lim!tation on ¢, becomes move severe as the speed Increases. The valuc of ¢
for a body employing lifting surfaces is not affected appreclably by speed or
by scaling 'ts dimensions. llowever. the magnitude of the force obtained from
sucn & body varies as the square of the speed and as the squarc of the factor
to which its dimensions way he secaled.

Let 1t b aseomed that the direction of the foree applled hy vhe
pody 1s known. The question s then how should the magnitude of the force be
adjusted. It is clear that if the magnitude of the force is very small, the
lergth of cable that is recuired will be exceedingly long so that the hydro-
dynamic force acting along the cable will cause the tension at the upper end
of cable to become very large. On the other hand the length of the cable is
shortest only when the magnitude of the force applied by the towed body grows
exceedingly large and then the tension in cable 1s also very large. Between
, these exireries there must lie an optimum.

ANALYSIS
The caleuwlation of this optimum configuration depends upon the spe-~
e¢ific assumpiions made regarding the forces acting on the cable. It can be
stniovn from very general considerations. however, that regardless of these spe~
cific assumptions the solution of the cable configuration can be expressed by
equations of the following parzmetric form.

I .=z [1]
To 7o
Bs _ 9- % [2]
TO 76
.- 7

By 5
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I SR
.B& = 9 (]
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wnere T 1s the tenslion at the upper end of the cable,
5 18 the lengih of the cable,

¥ is the depth of the body,

o

X i3 the disisnce of the hedy ait of the upper end of the cable,
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irods the Hension in the eable at the point vwhere the eabie wmeets the
body, t.e., the magnituce of tre Torce apuiied by the towed body,

R 1z the drapg of a unit lengih of the c¢able when the eable is nerual
to the ctrean,

v, o, n, and &, ave cevitain functlions of ¢ which depend won the specii-
ic assumptions that are made regarding the forces acting on the
cable, where

¢ 1s the angle between the cable and the direction of the motion at

the upper end of the cable, aad

and 50, are the values of these functions for ¢ = ¢0n See

~
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Figure 1.

Direciion of Motion -

Flgure 1 - Cable Configuration Fer a Towed Body

e

general expression for the optlimum configuration can he obtainea
through the uce of these ecuatlons. Since y, R, and 9, are fizxed, Fguation
[2] oiyes ¢ ac an implicit funciion cf T,» or T  as an expllicit funiction of
4. In Reuation 11 T can thercfore be considered ©o be 2 function cof either
yar, or any function of ¢ . The coptimum configuration is obtained by minil-

)

st eusily from the differential forme of Hous-
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ticns [t and [3! taken simulfaneously, which can be wricten
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For minimum T, 47 rmst vanish. Hence from Equations {[1a]), [3a], and [3]
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This eguation may bte used to determine the value of ¢ that obtalns
at the optimum configuration. From Equation {3] the appropriate value of T,
may then be found; taence T, s, and X can %2 calculated from [1], (2], and
[u].

The designer is usually interested in the optimum conditions for
high-speed operation. 1If the speed of towinzg is sufficlently high so that the
welight of the cable can be neglected, the functions =, ¢, n, and ¢ may be tak-
en as these given in TMB Report C-122, hAppendix I, p. 27, i.e.,

T:1-‘~fcscé;f‘=% (6]
o= cot ¢ (7]

n = in cot %? (6]

¢ = csg g~ 19}

vhere I is tre drag pev unit length of the cable when the cabis Is parallel

to the stream. Ecuztion [5al then becomes



hus '8 only the case of” {owed bodies nas been considered oo that

247 pince nesative drag cannot be realized in thig

the pazbmo value of o i

()
case. There are, however, cepc cablile condlguratlons n which vhe values of
¢ greabze Lhan #/2 ave possibie; i.e., configurations where the cable foras
a loop. £n example of such: a configuration is a cable Jolining two self-

vewvered bodles such as {wo alrplanes or two submarines. When the speed of tow-
i P

cakle lies need not Inelude the directiosn of gravity; so thet 2 line strung be
tween two surface vessels may also present such a problem (see Figure 2). 1In

such cases, 1f the angle of the cable at one end may be considered i'ixed this
end may be referred to as the lower end, the other end of the ecable may be
called the upper end and the fixed angle can still be designated as ¢0. Then
the foregoing analysis still applies and Equation [5b] gives the condition
that the fenslon at the upper end of the casvle is minimal.

It is Toun¢ that when the angle ¢, is increased beyond =/2 the ten-
sion at the upper end of the cable will ccntinuve to he reduced. Nevertheless
there 15 a lim!ting condition beyond which minimizing the tension at the upper
end of the cable 1s no longer a reasonable procedure: When further Increzase
in ¢o will cause tre tension at the lower end fo become greater than that at

i
g Direction of Hotion
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IFigure 2 - Catle Configuration for Two Powored Vossels



ihe upper oud off the eable. ¥rom the symwetry of she fonctious 7, o, y . &

about ¢ — w/2, il ir cleay that this conditlon will occur whon the teesions of

the two onds of the cable are caual and when the contiguration of the cahie

1s completely symmetric aboutr a line parallel to the divection of motion.
Solutions of Equation [5bl, and pertinent values obtained fhevefrom

arc listed in Table 1 and are graphically presented in Figure 3. '
e cable configurations that are found by solution of Equation [5b]
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when the angle at the othee end of the (uble and the depth of towing are speci-
fled. Other types of optimum problems may occur. For ¢xample it amay be de-
glred thzt the drag at the upper end of the cable be a minlmum instead of the
tension; also, Instead of the angle ¢b belng specified at the lower end of the
cable the drag of the body might be speelificd or the ratio of the depth to the
distance aft might be fixed. ™The tables precented here do not give the solu~
tion to such problems. However in many cases these tables may be used to get

a first spproximation to a solublon for such problems.
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ILLUSTRATIVE EXAMPLE

To provide an 1llustrative example of ar application of the method,
the following problem has been worked out.

Tt 1s desired to tow a body 25 feet deep at j0 knots. The body 1s
tc have = iift-drag ratio of tan 70°. It is reguired rnat the safety factor
on the breaking strength of the cable e no less than 2. Waal is the minimum
size cable dizmeter that may be used, if the strongest wire-strand cable 1is
used?

For such cable the follcwing empirical data apply: Where d 1s the
cable diameter in inches and V is tie speed in knots.

cable drag normsl to the stream: R = (.34 V?d pound per foot,
fable dreg parallel to the stream: F =~ 0.02 R,
Breaking strengtn of cable: S = 80,000 42 pourds.

Since the safety factor must be no less than two, 40,000 a2 2 T;
where T is the greatest tension in the cable. Prom Table b, for f = 0.02
and ¢O = 70 we have the cptimum value of T = (0.42¢ Ry}. Hence

42 (0.420)(0.34)(900) (25)d
40,000

a2 0.08

The cable must therefore te at least 0.08 inth in diameter. From
Table b 1% 1s seen that the ptimum length of this cable 1s (6.102)y cr 525
feet, With this length of cable, the tenslon at the upcer end of the catble

will be a minizmm and equal to 256C pounds.
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